Additional functionality within load bearing components holds potential for adding value to a structure, design or product. We consider the adaptation of an established technology, electrostatic adhesion or electroadhesion, for application in glass fibre reinforced polymer (GFRP) composite materials. Electroadhesion uses high potential difference (~2-3 kV) between co-planar electrodes to generate temporary holding forces to both electrically conductive and nonconductive contact surfaces. Using a combination of established fabrication techniques, electroadhesive elements are cocured within a composite host structure during manufacture. This provides an almost symbiotic relationship between the electroadhesive and the composite structure, with the electroadhesive providing an additional functionality, whilst the epoxy matrix material of the composite acts as a dielectric for the high voltage electrodes of the device. Silicone rubber coated devices have been shown to offer high shear load (85kPa) capability for GFRP components held together using this technique. Through careful control of the connection interface, we consider the incorporation of these devices within complete composite structures for additional functionality. The ability to vary the internal connectivity of structural elements could allow for incremental changes in connectivity between discrete sub-structures, potentially introducing variable stiffness to the global structure.
INTRODUCTION
Composites materials such as glass and carbon fibre reinforced polymers (GFRP and CFRP) have seen rapid increases in usage in recent years, and there is increased interest in providing multi-functionality to such materials/structures 1 . Controllable adhesion between sub-elements could add significant value to composite structures. The ability to vary the internal connectivity of structural elements would increase structural functionality by allowing for controlled relative displacement between discrete sub-structures, potentially yielding variable stiffness. A means of controlled reversible connectivity of a composite laminate surface to a number of substrates is considered.
In this paper a study is made of the use of electrostatic adhesion (or electroadhesion) for a controlled displacement or latching between composite structures. Since the work of Prahlad et al (2008) there has been growing interest in the use of electroadhesion for wall climbing robotics, and the aim is to extend this existing research to wider applications 2 . A number of electroadhesive devices have been incorporated into composite structures, with the ability to increase the shear holding force by up to 85 kPa.
A review is undertaken of current electrostatic adhesion technology and a consideration of the potential applicability of such devices within composites. An outline is provided of a means of fabrication for incorporation of electroadhesives within basic composite structures. A series of testing and experimental data is presented. Finally, an assessment of the preliminary results and consideration of further research for progression to a wider application is considered.
BACKGROUND
Electroadhesion or electrostatic-adhesion uses high strength electric fields generated by high potential difference imparted across closely spaced electrodes 3 . The basic configuration of such a device is shown in Fig. 1 . 
Existing
To date, the grippers 7 . He composite str potential difference that can be imparted, and thus limit achievable holding pressure/force. Integration into a FRP composite provides a novel solution to this limitation. Using a common practice of laminating of pre-impregnated plies of fibre/epoxy (Gurit Systems SE70 glass/epoxy) to manufacture the composites structure, the epoxy can function as a dielectric between adjacent electrodes, and thus fully insulate the electroadhesive. The etched Pyralux is included as an extra layer in the lamination process, and then co-cured with the composite material. During the cure cycle, with a dwell at 110°C for 50 minutes, the epoxy resin in the GFRP flows between the interdigitated electrodes and acts as a dielectric filler (Fig. 4) . 
Electrode configuration
In this study, the intention was to assess the feasibility of incorporating electroadhesive devices into a simple composite structure. As such, the electrode design was chosen from the literature without significant optimisation, and in future studies this will be addressed. For the general electrode design, a "comb configuration" of interdigitated electrodes was chosen (Fig. 3) . Whilst concentric circular patterns have been shown to yield the highest average electric field strength across an electroadhesive device, there is only a reduction in field strength for comb configuration for a given smooth tile surface 3 . Comb configurations can be more easily integrated within rectilinear structures, maximising coverage area and thus holding pressure/force. Previous literature suggests that electrode gaps should be as small as possible, so practical distances of 1 mm and 0.5 mm electrode spacing were developed 18 .Whilst the same study suggests varying electrode widths in order to maximise achievable average electric field strengths, for simplicity, and in line with an earlier study suggesting small widths improved holding pressure/force 20 , consistent electrode widths of 0.5 mm were used.
Connection Substrates
In order to establish the level of achievable holding pressure/force for the integrated electroadhesive, a number of different attachment substrates were chosen. Four thin film materials were tested to observe the holding pressure for conformable substrates, each with different surface properties, both in terms of friction and relative permittivity (Table  1) . GFRP samples with various surface coatings were also fabricated to observe the achievable holding pressure/force for less conformable substrates. The substrate coatings tests on GFRP include: 50 µm PVDF film (Du Pont Tedlar), 25 µm Polyimide and uncoated GFRP. In addition, two samples with a low abrasion high friction tape coating (Tesa 4563) were produced. The intention of such a coating was to improve the lateral holding strength for a given electrostatic normal force generated, and were produced for testing with polyimide dielectric films. All connection substrates were designed to have a contact area with the electroadhesive equivalent to 3850 mm 2 . 
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Limitations
A key limitation to a composite integrated electroadhesive is its susceptibility to dielectric breakdown. When this occurs, a short circuit results between adjacent electrodes, preventing the generation of the strong electric field necessary to produce electrostatic adhesion. This failure has been observed for both the silicone dielectric and polyimide dielectric configurations (Fig. 11) . This can be mitigated by ensuring the applied potential difference does not breach the dielectric strength of these layers. A further complication is that the composite manufacturing often results in minor voidage in the epoxy matrix (Fig. 12 ). If this is present between electrodes, local discharge can occur, leading to device failure. Care is needed to ensure void free manufacture and apply a modular approach to the electroadhesive devices to ensure that local failure does not compromise the entire structure. The integration of the electroadhesive into FRP composites means the substrate is inherently rigid. This will be a limitation to the achievable holding force of the device. Modifications such as imparting conformability to the contact surfaces and improved dielectric properties can be employed to minimise any detrimental effects. 
FURTHER WORK
Further research will consider possible applications and benefits for FRP integrated electroadhesive devices. For many applications an increase in the holding force will be required, and this will be a research goal. Improving the ability of the integrated device to tolerate small scale surface roughness will also be beneficial. Coatings with superior dielectric properties and conformability will offer significant benefits.
CONCLUSIONS
In this study, the successful fabrication of a functional electroadhesive device within a FRP composite laminate has been shown. A practical and effective manufacturing process has been developed which utilises established techniques from microelectronics and FRP fabrication. Choice of materials is key to achieving an optimal electroadhesive performance. Conformability of the dielectric material between the attached surfaces mitigates surface roughness of connected substrates, and maximises the holding force for both the flexible and rigid substrates tested. Maximum holding stresses of 90 kPa for a rigid substrate and 26 kPa for a flexible substrate have been achieved.
